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Abstract
Chlorophyll fluorescence excitation and emission spectroscopy, electron absorption spectroscopy and resonance Raman
 .spectrometry of light-harvesting pigment-protein complex of Photosystem II LHC II , isolated and incorporated to
liposomes, indicate that a carotenoid pigment violaxanthin is present in this complex in conformation 15, 15X-cis.
Light-induced cis-trans-isomerization of violaxanthin is combined with an energetic uncoupling of this antenna pigment
from chlorophyll and is interpreted in terms of detachment of this carotenoid from protein — the process of making
violaxanthin available for de-epoxidation within the lipid phase of the thylakoid membrane. It is also demonstrated that the
process of heat-induced detachment of violaxanthin from LHC II is not combined with a cis-trans- isomerization.
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1. Introduction
It is generally assumed that all accessory xantho-
phyll pigments in photosynthetic apparatus of higher
w xplants remain in conformation all-trans 1 in contrast
to b-carotene in the reaction centre of Photosystem II
w x 2 and Photosystem I Białek-Bylka, G.E., Hiyama,
.T., Yumoto, K. and Koyama, Y., unpublished results
where the conformation 15,15X-cis has been docu-
Abbreviations: PS II, Photosystem II; LHC II, the largest
light-harvesting pigment-protein complex of Photosystem II.
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mented. It seems that natural selection of trans- and
cis-isomers to the antenna proteins and the reaction
centres, respectively is related to the physiological
function of carotenoid pigments in the photosynthetic
 .apparatus: light harvesting conformation all-trans
 X . w xand photoprotection conformation 15,15 -cis 3 .
Recently we have reported operation of a certain
molecular mechanism resulting in light-induced un-
coupling from the largest light-harvesting pigment-
protein complex of Photosystem II — LHC II the
accessory xanthophyll pigment identified as violaxan-
w xthin 4 . The difference of the chlorophyll fluores-
cence excitation spectra, recorded before and after
illumination of LHC II revealed that the uncoupled
antenna xanthophyll was present in a conformation
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cis. Such a surprising result opens several questions
and some of them are the following ones:
1. Is the conformation cis a natural one for violaxan-
thin in situ or just it is connected to its light-driven
detachment?
2. Does it operate a light-induced mechanism of
 .cis-trans or trans-cis conformational change of
violaxanthin in LHC II?
3. Is eventual light-induced isomerization of violax-
anthin in LHC II related to its detachment?
4. Does a relationship between the conformation of
violaxanthin and its interconversion within the
 . w xviolaxanthin xanthophyll cycle 5–9 exist?
In this report we present data which help answer
the questions above. As it follows from these data
there exists the violaxanthin cis-trans-isomerization
cycle operative within the violaxanthin cycle and
serving the mechanism essential for the regulation of
the activity of the xanthophyll cycle via making
violaxanthin available for the enzymatic de-epoxida-
tion.
2. Materials and methods
LHC II was isolated from 10-day-old winter rye
 .leaves Secale cereale cv. Pastar as described previ-
w xously 10 and was incorporated to egg yolk phos-
phatidylcholine liposomes according to the procedure
w xdescribed in the previous report 4 . LHC II was also
isolated from preilluminated leaves as reported pre-
w x.viously 4 with the violaxanthin concentration re-
duced by the factor of 1.8 due to the operation of
light-dependent enzymatic de-epoxidation within the
violaxanthin cycle. Lipid for liposomes was pur-
chased from Sigma Chemical. Liposomes were pre-
 .pared in a Tricine-KOH buffer 25 mM, pH 7.8 .
Crystalline all-trans-zeaxanthin was a generous gift
from Hoffmann La-Roche, Switzerland. Electronic
absorption spectra were recorded with a Shimadzu
UV-160A-PC spectrophotometer and fluorescence
spectra were recorded with a Shimadzu RF-5001PC
recording spectrofluorimeter. Samples were stirred
and thermostated at 258C during measurements ex-
cept in the experiments with heating of LHC II
samples in which the temperature of a sample in-
creased linearly. Temperature of a sample was moni-
tored with NiCr-NiAl microsensor. In the experi-
ments with illumination of LHC II, samples were
illuminated for 20 s with the beam of a laser diode
 .from Hitachi 3 mW, emission at 670 nm . The
ground state resonance Raman spectra were recorded
at liquid-nitrogen temperature by using 457.9 nm line
 . q  .2 mW of an Ar laser Lexel 95 and a Raman
 .spectrometer Jasco TRS-300 equipped with an im-
age-intensified diode-array detector Princeton Instru-
.ments IRY-700 . The frequencies of Raman lines
were calibrated against those of acetone, benzene,
ethyl acetate, n-hexane and toluene. HPLC pigment
analysis was performed with the Thermo Isolation
 .Products system USA with Phase Extra Column
from Phase Sep. UK length, 250 mm; internal diam-
. eter, 4.6 mm filled with Nucleosil 5 mm ODS 1.0
.nm . The acetonitrile-methanol-Hepes buffer 0.1 mM
 w x.pH 8.0 mixture 72:8:3, 11 was applied as a mobile
phase with the flow rate of 1 mlrmin.
3. Results and discussion
According to our previous findings the illumina-
tion of the LHC II protein incorporated to model lipid
membranes results in the energetic uncoupling of
accessory violaxanthin, as deduced from the analysis
w xof chlorophyll fluorescence excitation spectra 4 .
Fig. 1A presents electronic absorption spectrum of
liposome-bound LHC II and Fig. 1B shows an effect
of illumination of this sample with red light: the
difference of absorption spectrum after illumination
.minus before illumination . Clearly, three main spec-
tral changes due to illumination may be observed
 .from Fig. 1B: i disappearance of the absorption
 .band in the region of 340 nm; ii hypsochromic shift
 .of the red chlorophyll band; and iii hypsochromic
shift at the edge of the absorption band of LHC II
 .carotenoids f500 nm . The latter effect may be
correlated with a light-induced detachment of violax-
anthin from the protein environment and its transition
w xinto the lipid phase 4 . This mechanism is most
probably responsible for the spectral changes in the
red chlorophyll band assuming a breakage of close
chlorophyll-violaxanthin molecular interaction re-
sulting in the excitation energy transfer demonstrated
w x.by fluorescence spectroscopy 4 . A negative band in
the difference absorption spectrum presented in Fig.
1B localised in the spectral region typical of absorp-
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Fig. 1. A: absorption spectrum of LHC II-liposome suspension in
25 mM Tricine-KOH buffer pH 7.8 recorded at 258C. B: the
effect of 20 s illumination of the sample presented in panel A
with the red diode laser light. Difference absorption spectrum:
after illumination minus the spectrum before illumination. C: the
 .effect of heating of the LHC II sample as above . Difference
absorption: spectrum recorded at 358C minus the spectrum
recorded at 258C.
tion of carotenoid pigments in conformation cis along
with the spectral changes in the main carotenoid
absorption band suggests that illumination of LHC II
results in a cis-to-trans-isomerization of xanthophyll
pigments. Only chlorophyll pigments were excited by
the 670 nm-light in these experiments, which sug-
gests that cis-trans-isomerization is a triplet state-
sensitised photoreaction, both triplet-triplet excitation
energy transfer from chlorophyll to xanthophyll pig-
w xments in LHC II 12–14 and carotenoid cis-trans-
w xisomerization upon triplet excitation 15,16 reported
to be highly efficient processes.
Resonance Raman spectroscopy was established to
be a powerful method to detect the occurrence of
w xstereoisomeric forms of carotenoid pigments 17–20 .
We measured resonance Raman spectra of LHC II at
liquid nitrogen temperature in order to minimise an
effect of laser light on isomerization of LHC II
xanthophylls. Despite precautions, we have detected
a pronounced effect of illumination on Raman spectra
of LHC II: the acquisition time of a single Raman
spectrum was 9 s and the procedure of spectra record-
ing was repeated for several times. We noticed that
the spectra recorded at the beginning, from the dark-
adapted samples differed from those recorded from
preilluminated ones. Fig. 2 presents added resonance
Raman spectra recorded from six different samples,
Fig. 2. Added resonance Raman spectra recorded from six differ-
ent dark-adapted samples of LHC II-liposomes suspended in 25
mM Tricine-KOH buffer pH 7.8, containing 5P10y4 M NADPH
and 4.3P10y6 M all-trans zeaxanthin in a microcrystalline form
w x  .21 : spectra acquired during the first 9 s A and during 2 min
 .B of laser illumination. Spectra recorded at liquid nitrogen
temperature. Resonance Raman peaks related to chlorophyll pig-
ments are marked with asterixes.
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spectra being accumulated during the first 9 s of laser
 .  .illumination A and during the period of 2 min B .
The spectra are presented between 1100 cmy1 and
1300 cmy1, in the region of occurrence of differences
characteristic of cisr trans-isomers of carotenoids
w x y117–20 . The pronounced band centred at 1131 cm
appeared in the spectrum of dark-adapted LHC II and
absent in the spectrum of LHC II subjected to pro-
longed illumination suggests the occurrence of 13-cis
isomer of LHC II xanthophylls which is turned into
w xall-trans-conformation during illumination 17–20 .
Also 15-cis isomers of carotenoids possess a shoulder
in the same region and the determination of the exact
position of a cis bending is difficult because a
carotenoid spectral pattern is overlapped by peaks
due to LHC II chlorophyll pigments marked with
.stars in Fig. 2 . The spectrum in Fig. 2A possesses
additionally a band centred at 1240 cmy1, typical of
15,15X-cis carotenoids which is not present in the
spectrum from Fig. 2B.
The molecular mechanism of light-induced cis-
trans-isomerization of xanthophyll pigments in LHC
II described above proceeds at the same time and
under the same conditions as light-driven detachment
of violaxanthin from this pigment-protein complex
w x4 . It is probable that light-dependent cis-trans-iso-
merization of violaxanthin which was assigned spec-
troscopically to be present in a conformation cis
w x.while functionally active in LHC II, 4 provides a
molecular mechanism to detach this pigment from a
protein. This would imply that violaxanthin synthe-
sised within LHC II by the epoxidation of all-trans-
w xzeaxanthin 21 adopts conformation cis. Fig. 3A
presents chlorophyll fluorescence excitation spectra
of the LHC II-liposomes suspended in the buffer
containing in addition exogenous zeaxanthin, imme-
diately, and 60 s after the injection of NADPH.
w xAccording to our previous findings 21 , zeaxanthin is
converted into violaxanthin, under such conditions,
thanks to the LHC II-catalysed epoxidation. As deter-
mined at present by means of HPLC analysis, the
violaxanthin to neoxanthin ratio increased from the
value of 0.19"0.02 in LHC II-liposomes to 0.38"
 .0.05 mean from three experiments"S.D. during 10
min incubation with zeaxanthin and NADPH under
aerobic conditions. The process of epoxidation of
zeaxanthin is characterised by the fluorescence differ-
ence spectrum presented in Fig. 3B. Because this is a
Fig. 3. A: chlorophyll a fluorescence excitation spectra recorded
from LHC II-liposome suspension in 25 mM Tricine-KOH buffer
pH 7.8, containing 4.3P10y6 M all-trans zeaxanthin in a micro-
crystalline form recorded immediately after the injection of
y4  .NADPH to the final concentration of 5P10 M and
 .after a period of 60 s of incubation – – – . The sample was
stirred and thermostated at 258C. Emission recorded at 680 nm.
B: difference of chlorophyll fluorescence excitation spectra pre-
sented in panel A: after 60 s incubation minus the initial spec-
trum. C: difference absorption spectrum of all-trans violaxanthin
minus all-trans zeaxanthin. Spectra of xanthophylls recorded in
isopropanol.
difference of the chlorophyll fluorescence excitation
spectra, interconversion of only those pigments at-
tached functionally to LHC II and transferring excita-
tion energy to chlorophyll is followed. As it may by
seen by comparison of Fig. 3B and C the difference
spectrum related to the epoxidation is close to the
difference spectrum obtained by the subtraction of
the spectra of all-trans-violaxanthin and all-trans-
zeaxanthin in isopropanol a refractive index 1.378
close to that one of a lecithin bilayer 1.37"0.02
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Fig. 4. A: chlorophyll a fluorescence excitation spectra recorded
from LHC II-liposome suspension in 25 mM Tricine-KOH buffer
 .  .pH 7.8 recorded at 288C and at 298C – – – .
Emission at 680 nm. B: difference fluorescence excitation spec-
trum obtained by subtraction of the spectra from the panel A:
recorded at 288C minus the one recorded at 298C. Difference
spectrum was subjected to numerical smoothing procedure. C:
absorption spectrum of 15-cis violaxanthin in benzene. Adopted
w x y1 y1from Fig. 1 of 23 . Molar extinction coefficient e in M Pcm .
w x.22 . A very clear difference appeared between the
violaxanthin-minus-zeaxanthin spectra and the spec-
tra of zeaxanthin epoxidation in LHC II in the spec-
tral region characteristic of the cis isomers of violax-
w xanthin around 340 nm 23 . This is a clear indication
that trans-violaxanthin synthesised in situ in LHC II
protein out of the all-trans-zeaxanthin adopts a con-
formation cis. This reisomerization may be explained
in terms of an enzyme-product uncoupling, violaxan-
thin in a conformation cis remained as a functional
component of LHC II antenna-protein. An additional
band may be observed in the epoxidation spectrum
 .Fig. 3B between 350 nm and 400 nm, in the
spectral region characteristic of xanthophyll aggrega-
w xtion forms 24,25 . The same spectral feature was
observed in the spectrum of light-uncoupled xantho-
w xphyll pigments of LHC II 4 , suggesting that either
violaxanthin itself appears in this antenna protein
strongly coupled to other pigments, which results in
such a spectral effect, or this effect characteristic of
aggregated forms is related to other xanthophyll pig-
ments functionally active in LHC II and coupled to
violaxanthin able to form organised molecular array
w x25 .
It was reported very recently by Havaux and Tardy
w x26 that apart from light-induced detachment of vio-
laxanthin from LHC II this xanthophyll may be also
functionally detached from its apoprotein during heat
treatment. In order to characterise spectroscopically
such a process we recorded chlorophyll fluorescence
excitation spectra and electronic absorption spectra of
LHC II-liposomes every 18C within the range of
218–428C. Fig. 4A presents chlorophyll fluorescence
excitation spectra recorded at 288C and at 298C and
Table 1
w xIntensity ratio of absorption maxima of violaxanthin in benzene in different stereoisomeric forms 23 and corresponding ratios in the
difference spectrum from Fig. 3B
Intensity ratio
1 1 1y 1 q y 1 q y 1 q .  .A “ B A “ A 0“0 r A “ B 0“1g u g g g u
 .  .  .  .0“0 r 0“1 0“2 r 0“1
All-trans violaxanthin 0.96 0.71 0.09
13-cis violaxanthin 0.87 0.70 0.51
15-cis violaxanthin 0.85 0.72 0.62
Spectrum from Fig. 3B 0.86 0.72 0.63
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 .Fig. 5. Ratio of chlorophyll a fluorescence emission at 680 nm
excited at 436 nm and at 468 nm. The sample LHC II-liposome
.suspension was heated continuously with the constant rate of
temperature increase 0.668Cr1 min. A two-wavelength mode of
a spectrofluorimeter was applied. The sample was stirred during
measurement. Fluorescence intensity ratio was measured in order
to follow only specific spectral changes related to antenna
carotenoids and avoid overall temperature-dependent chlorophyll
fluorescence quantum yield changes.
Fig. 4B presents a difference of these spectra. The
panel C of Fig. 4 presents absorption spectra of
15-cis violaxanthin in benzene refractive index
. w x1.501 adopted from 23 . As may be expected, the
spectrum in benzene is red-shifted with respect to the
spectrum from Fig. 4B but intensity ratios of all
absorption maxima of these two spectra are reason-
 .ably close see Table 1 , indicating that the pigment
being detached due to the heating of LHC II is indeed
violaxanthin, and that most probably this violaxanthin
appears in antenna-protein in the conformation 15-cis.
Table 1 presents also the data for other isomeric
w xforms of violaxanthin reported in 23 . The difference
spectrum from Fig. 4B contains also the xanthophyll
‘aggregation-band’, observed in other experiments
discussed above. Fig. 5 presents, recorded in parallel
.to the heating the intensity ratio of chlorophyll fluo-
rescence in LHC II-liposomes excited at 436 nm and
at 468 nm, the wavelengths characteristic of absorp-
 .tion of xanthophylls 0“0 transition see Fig. 4B
and those characteristic of absorption of chlorophyll
b and xanthophylls 0“1 transition. As it may be
clearly seen from Fig. 5, the heating results in ener-
getic uncoupling of xanthophylls most probably vio-
.laxanthin beginning from the temperature of about
288C. Such a transition was not observed with LHC
II preparation isolated from preilluminated leaves
 .LHC II-L with the considerably reduced violaxan-
 .thin pool not shown . In addition, no light-induced
spectral changes like those presented in Fig. 1B were
observed in the LHC II-L preparation supporting
hypothesis that violaxanthin is directly related to the
spectral effects discussed. Fig. 1C presents the differ-
ence absorption spectrum representative of a process
of heating of LHC II. However, as it may be seen
 .from Fig. 1 compare panel B and C , heat-induced
detachment of violaxanthin is not combined with its
isomerization to conformation trans as it was the
case with the illumination of LHC II. It means that
the molecular mechanism of heat-induced uncoupling
of violaxanthin reported by Havaux and Tardy is not
based on isomerization of the xanthophyll but rather
on conformational changes of this antenna protein.
The analysis of the order of magnitude of activation
energy required for conformational changes of pro-
teins and stereoisomerization would support such a
conclusion.
From the findings presented above it follows that a
light-induced detachment of violaxanthin from LHC
II and its synthesis within this complex is combined
to cis-to-trans- and trans-to-cis-isomerization, re-
spectively. On the other hand, it is difficult to resolve
by means of spectroscopic methods if some other
xanthophyll constituents of LHC II undergo cis-
trans-isomerization simultaneously, under the same
conditions. In this respect, a structural analysis of
lutein, neoxanthin and newly attached zeaxanthin has
to be undertaken.
The results of this research and the other data
discussed above are consistent with the statement that
violaxanthin occurs in photosynthetic apparatus in
two sterical conformations: all-trans in a lipid phase
of the thylakoid membrane and cis most probably
.15-cis while attached functionally to the LHC II
 .protein see Fig. 6 . 15-cis violaxanthin present in the
lipid phase would isomerize effectively to its all-trans
conformation as a consequence of a triplet-sensitised
process following a triplet-triplet excitation energy
transfer from chlorophyll or initiated in the collision
w xof a carotenoid with active oxygen species 27 pre-
sent in the photosynthetic apparatus under overexcita-
tion conditions. As it has been pointed out above the
light-dependent process of violaxanthin cis-trans-iso-
merization was also triplet-sensitised process. Since
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Fig. 6. Schematic model of the operation of the violaxanthin
 w x.cycle in the thylakoid membrane based on Fig. 3 of 21
containing the violaxanthin cis-trans isomerization cycle. V,
violaxanthin; Z, zeaxanthin; A, antheraxanthin. Processes: 1, light
induced cis-to-trans isomerization of violaxanthin combined to
its detachment from LHC II complex; 2, migration of all-trans
violaxanthin within a membrane and de-epoxidation; 3, migration
of all-trans zeaxanthin within a membrane and its binding to
LHC II; 4, epoxidation of zeaxanthin in LHC II combined to
isomerization of newly formed all-trans violaxanthin to the
 .conformation cis. B 1a : the heat-induced violaxanthin detach-
ment from LHC II. For further details, see the text.
carotenoid triplet excitations in antenna complexes
are exclusively present under overexcitation condi-
tions and impaired fast singlet-singlet excitation en-
ergy transport it follows that only under stress condi-
 .tions to the photosynthetic apparatus light, heat
violaxanthin changes conformation from cis to trans
and becomes a component of the lipid phase of the
thylakoid membrane. On the one hand a conforma-
tional change provides a molecular mechanism for
violaxanthin detachment from the protein environ-
ment, the process of making violaxanthin available
w xfor de-epoxidation 5,6,21,26 and on the other hand
only all-trans-violaxanthin is a specific substrate for
w xthe enzymatic de-epoxidation 5–7 . The process of
making violaxanthin available for de-epoxidation un-
der the presence of high concentration of ascorbate
w x8 remains still to be examined. Following the enzy-
matic epoxidation of zeaxanthin, the newly synthe-
sised all-trans-violaxanthin isomerizes to cis-viola-
xanthin in LHC II, as demonstrated above. It means
that the violaxanthin de-epoxidation and violaxanthin
formation proceeds in the thylakoid membrane within
the cycle containing also as an element the cyclic
process of violaxanthin cis-trans-isomerization, as
presented in a schematic model in Fig. 6. As it
follows from this model based on current knowledge,
the physiological function of 15-cis violaxanthin un-
 .der mild light conditions is: i to serve as an antenna
w x  .pigment 28 ; ii to influence organisation of LHC II
w x  .protein in a lipid phase 29,30 ; iii to be an element
of signal transduction cascade sensitive to stress con-
w x .ditions 4,26 , see also this report . Under stress
conditions, cis-violaxanthin is turned into a confor-
mation all-trans and converted into zeaxanthin play-
ing an important role in protecting thylakoid mem-
brane core against disintegration — related to a
 w x .different kind of stress factors see 9 for a review .
In conclusion, the process of light-induced isomeriza-
tion of 15,15X-cis violaxanthin to conformation all-
trans in LHC II combined with the detachment of the
pigment from this antenna protein has been demon-
strated. The physiological relevance of these molecu-
lar mechanisms is directly related to the process of
making violaxanthin — present in the antenna pro-
tein — available to the enzymatic de-epoxidation in
the lipid phase of the thylakoid membrane.
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